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Observations of the gravity field of Mars reveal a planet that has responded differently in its northern and southern hemispheres to major impacts and volcanic processes. The rough, elevated southern hemisphere has a relatively featureless gravitational signature indicating a state of near-isostatic compensation, whereas the smooth, low northern plains display a wider range of gravitational anomalies that indicates a thinner but stronger surface layer than in the south. The northern hemisphere shows evidence for buried impact basins, although none large enough to explain the hemispheric elevation difference. The gravitational potential signature of Tharsis is approximately axisymmetric and contains the Tharsis Montes but not the Olympus Mons or Alba Patera volcanoes. The gravity signature of Valles Marineris extends into Chryse and provides an estimate of material removed by early fluvial activity.
The gravity field of Mars reflects internal and external processes over several billion years, similar to the moon's. However, the magnitude of the variations on Mars indicates stress differences of about six times those in the Moon. The radio science investigation on the Mars Global Surveyor (MGS) mission (1) has developed global high-resolution gravitational field models ( Fig. 1) for Mars from tracking data (Table 1) (2, 3) and provides new insight into the manner in which Mars has evolved through time in response to major impacts, surficial geological processes, and internal dynamics.
Tracking of the Mariner-9 and Viking-1 and -2 orbiters had limited coverage and lower accuracy data (2, (4) (5) (6) than MGS. The largest free-air gravity anomalies on Mars (Fig. 1A ) associated with Olympus Mons and the Tharsis Montes (Ascraeus, Pavonis, and Arsia volcanoes) exceed 3000 mgal (3), more than an order of magnitude greater than those on Earth (9) for similar wavelengths (10) . The substantial gravitational power (Fig. 2) is indicative of the ability of the planet's lithosphere to support large stresses associated with surface and subsurface loads (11) . The thick lithosphere on Mars is a consequence of the more rapid loss of accretional and radiogenic heat from the martian interior as compared with Earth's. A striking feature of the field is the limited range of anomalies (Ϯ ϳ100 mgal) over a large fraction of the planet. Anomalies with substantial amplitudes are limited to the Tharsis, Isidis, and Elysium regions in the eastern and western hemispheres. A broad high of ϳ100 mgal in the midlatitude eastern hemisphere surrounds the Hellas basin and appears to be associated with material excavated from this structure (12) .
Mars' gravitational potential, or areoid (13) (Fig. 1B) , displays two hemisphericscale quasi-circular features with a dynamic range of more than 2 km, an order of magnitude greater than that observed for Earth. The Tharsis Montes, Olympus Mons, Valles Marineris, and Isidis impact basin are resolved as individual gravitational anomalies in the areoid. Of particular note is the apparent circularity of the Tharsis areoid feature, in contrast to the complex topography of the region (12) . The central portion of the Tharsis areoid encompasses the three Tharsis Montes in a single large anomaly and isolates Olympus Mons to the northwest. The Alba Patera volcanic construct also appears as a subtle feature separated from the main Tharsis areoid feature. The separation of Olympus and Alba from the main dome of Tharsis is similar to the topographic separation (12) and indicates that these prominent volcanic shields have distinctive source regions in the mantle that may explain the topography.
The zonal variation of gravity anomalies (Fig. 3) shows differences between the southern and northern hemispheres: the lack of gravity anomalies below major topographic features over most of the southern hemisphere, as well as substantial anomalies that lack topographic expression in the northern hemisphere. The smooth character of the gravity indicates that the topography in the southern latitudes is isostatically compensated much as are highland terrains on the moon (14) .
The range of gravity variation from south to north (Fig. 3A) increases to as large as ϳ160 mgal. This suggests a latitude-dependent variation in compensation that may be associated with Mars' pole-to-pole 0.036°s lope in topography (12) that might be explained by a systematic variation of crustal thickness with latitude. The longitudinal variation of gravity anomalies between latitudes 20°N to 75°N (Fig. 3B) , and 20°S to 75°S (Fig. 3C ) also emphasizes the difference between the two hemispheres. The uniform gravity field over most of the southern hemisphere in comparison with the much higher amplitude variation seen in the north is the antithesis of the topography, which is smooth in the north and rugged in the south. This points to a quantitative difference in the evo- lution of the northern and southern hemispheres. The gravity data suggest a thin, strong lithosphere in the north and a thick, weak lithosphere in the south. Crustal magnetization measurements (15) suggest that the crust is older in the south than in the north, which implies that the south had a longer period of time available to achieve isostasy. Gravity over the north polar region (Fig. 4A ) reveals several positive anomalies that have no obvious correlation with topography (16) . A combination of ice and crustal material has been proposed (17) to account for anomalies situated in the immediate vicinity of the north polar layered terrains. In contrast, the south polar region (Fig. 4B) shows a positive anomaly of ϳ200 mgal immediately over the pole, which could represent the load associated with the permanent ice cap. The lack of a comparable anomaly over the northern cap could indicate that the southern cap is younger and has not yet had sufficient time to adjust isostatically, or that the southern layered deposits contain a larger fraction of dust, thus constituting a greater gravitational load than in the north (12) .
A possible explanation for the high-latitude northern hemisphere gravity anomalies, adjacent to and remote from the residual ice cap, is that they represent moderate-diameter (100 km) impact basins buried beneath the resurfaced northern hemisphere (18). The mass excesses implied by these positive anomalies may represent a combination of volcanic and sedimentary fill within the basin cavity and thinning of the northern hemisphere crust beneath the basin (19) that have not relaxed to an isostatic state (20) .
Impact basins in Mars' southern hemisphere show primarily negative annular anomalies with a small central positive anomaly. Such signatures are characteristic of several basins on the moon (14, 21) that lack mare fill. The central anomaly probably represents mantle uplift, and the negative ring around it may represent a combination of uncompensated crustal thickening produced during the impact (22) and lithospheric flexure in response to the loading (23) . The dominantly negative gravity signature is probably a consequence of a relatively thick crust that is able to withstand buoyancy forces from the mantle.
After Isidis, the largest impact-associated gravity anomaly (Table 2) is Utopia (Fig.  5A) , which has been interpreted as an ancient basin on the basis of surface geology (24) . Topographic data indicate that the basin is a quasi-circular depression ϳ1500 km in diameter (25), a factor of about 2 greater than originally proposed. Utopia's gravity anomaly is diffuse, occupying an area of ϳ10 7 km 2 with no clear center. The Utopia structure is buried beneath the northern hemisphere resurfacing, but the size of the depression and gravity anomaly suggest that the original basin could have been of a size comparable to that of Hellas (Fig. 5B) (16) . However, these two massive structures appear in complete contrast gravitationally. Both appear to have readjusted isostatically, but Utopia was sub- (7) and a power law (13 ϫ 10 Ϫ5 degree Ϫ2 ) for comparison (not a fit to the data). Also shown are degree variances with Olympus Mons and the Tharsis volcanoes removed. The power in the spectrum approaches 6.9 ϫ 10 Ϫ5 degree Ϫ2 , close to that expected by scaling Earth's gravity field to Mars (33). sequently filled with material, which contributes to the gravitational mass excess. If the Utopia and Hellas structures were originally similar, the gravity field data may be able to shed light on the density of the material that has filled Utopia and by inference on the material of the northern plains.
Other than Utopia, the northern hemisphere lacks large (ϳ1000 km) gravity anomalies that represent evidence for the large impact or impacts (26 ) proposed to explain the low elevation of the northern hemisphere relative to the south. If such basins existed, their geophysical signatures have been obliterated.
Other substantial gravity anomalies include the Isidis impact basin, the Elysium volcanotectonic rise, and Olympus Mons. All show strong positive anomalies surrounded by negative annuli indicative of the flexural response of the lithosphere to surface or subsurface loads (27) . The negative moat of Olympus is disrupted to the northwest because of a positive anomaly associated with the aureole deposits. The Tharsis Montes also show strong central positives and display evidence of surrounding gravity lows, but their close proximity to the center of Tharsis makes identification of these additional features less obvious. All five volcanoes deviate substantially from isostasy, indicating that they are relatively young and supported by a mechanically strong crust (28) .
Valles Marineris shows a strong negative anomaly congruent with the topography (Fig.  6) . The rift axis anomaly is the largest negative gravity feature on Mars and is due mostly to the mass deficit associated with the chasm (29) , which has a depth of 11 km below the surrounding terrain at its lowest point (12) . The canyons are flanked by gravity highs but the canyon system lacks a negative anomaly, broader than the rift, that is associated with upwelling of hot mantle material beneath active rifts on Earth (30) . The deviation of the canyon from isostatic compensation is consistent with its formation subsequent to Argyre and Hellas (31) and suggests that the martian lithosphere has not yet adjusted to its presence.
The negative anomaly of the central canyons can be traced into the Chryse outflow region and into the northern lowlands. Chryse was proposed to be the site of an ancient impact basin (32) ; however, the region lacks any mass anomaly displayed by other northern hemisphere impact basins, as well as any hint of a circular topographic depression (12) . Instead, the mass deficiency implied by the Chryse anomaly (ϳ200 mgal) may indicate the removal of Ͼ2 km of material by fluvial processes that carved the outflow channels early in martian history. The plots extend from 70°to the poles. The color scale is the same as in Fig. 1A . A comparison of laboratory spectra with Galileo data indicates that hydrated sulfuric acid is present and is a major component of Europa's surface. In addition, this moon's visually dark surface material, which spatially correlates with the sulfuric acid concentration, is identified as radiolytically altered sulfur polymers. Radiolysis of the surface by magnetospheric plasma bombardment continuously cycles sulfur between three forms: sulfuric acid, sulfur dioxide, and sulfur polymers, with sulfuric acid being about 50 times as abundant as the other forms. Enhanced sulfuric acid concentrations are found in Europa's geologically young terrains, suggesting that low-temperature, liquid sulfuric acid may influence geological processes.
Europa is unique among Jupiter's moons. It is differentiated (1) with an icy crust that may melt from tidal heating to produce a subsurface ocean (2) . The surface may be young and renewed by solid state convection (3) or extrusion of solid or liquid material from below (4). Europa's surface exhibits bright, icy plains and younger, darker mottled terrain (4) . Linear features with different morphologies crisscross the surface. These long (Ͼ1000 km), narrow (10 to 20 km) features often show bright central bands flanked by bands of darker material ("triple bands"). Because Europa is within Jupiter's energetic magnetosphere, the surface is subject to intense bombardment by high-energy plasma ( 
